Dynamic temporal signal processing in the inferior colliculus of echolocating bats by Jen, Philip H.-S. et al.
REVIEW ARTICLE
published: 08 May 2012
doi: 10.3389/fncir.2012.00027
Dynamic temporal signal processing in the inferior
colliculus of echolocating bats
Philip H.-S. Jen
1*, Chung Hsin Wu
2 and Xin Wang
3
1 Division of Biological Sciences and Interdisciplinary Neurobiology Program, University of Missouri, Columbia, MO, USA
2 Department of Life Science, National Taiwan Normal University, Taipei, Taiwan, ROC
3 College of Life Science, Central China Normal University, Wuhan, Hubei, PRC
Edited by:
Manuel S. Malmierca, University of
Salamanca, Spain
Reviewed by:
Zoltan M. Fuzessery, University of
Wyoming, USA
Donal G. Sinex, Utah State
University, USA
*Correspondence:
Philip H.-S. Jen, Division of
Biological Sciences, University of
Missouri, Columbia, MO, USA.
e-mail: jenp@missouri.edu
In nature, communication sounds among animal species including humans are typical
complex sounds that occur in sequence and vary with time in several parameters
including amplitude, frequency, duration as well as separation, and order of individual
sounds. Among these multiple parameters, sound duration is a simple but important
one that contributes to the distinct spectral and temporal attributes of individual
biological sounds. Likewise, the separation of individual sounds is an important temporal
attribute that determines an animal’s ability in distinguishing individual sounds. Whereas
duration selectivity of auditory neurons underlies an animal’s ability in recognition of
sound duration, the recovery cycle of auditory neurons determines a neuron’s ability
in responding to closely spaced sound pulses and therefore, it underlies the animal’s
ability in analyzing the order of individual sounds. Since the multiple parameters of
naturally occurring communication sounds vary with time, the analysis of a speciﬁc
sound parameter by an animal would be inevitably affected by other co-varying sound
parameters. This is particularly obvious in insectivorous bats, which rely on analysis
of returning echoes for prey capture when they systematically vary the multiple pulse
parameters throughout a target approach sequence. In this review article, we present our
studies of dynamic variation of duration selectivity and recovery cycle of neurons in the
central nucleus of the inferior colliculus of the frequency-modulated bats to highlight the
dynamic temporal signal processing of central auditory neurons. These studies use single
pulses and three biologically relevant pulse-echo (P-E) pairs with varied duration, gap, and
amplitude difference similarto that occurring during search, approach, and terminal phases
of hunting by bats. These studies show that most collicular neurons respond maximally
to a best tuned sound duration (BD). The sound duration to which these neurons are
tuned correspond closely to the behaviorally relevant sounds occurring at different phases
of hunting. The duration selectivity of these collicular neurons progressively increases
with decrease in the duration of pulse and echo, P-E gap, and P-E amplitude difference.
GABAergic inhibition plays an important role in shaping the duration selectivity of these
collicular neurons. The duration selectivity of these neurons is systematically organized
along the tonotopic axis of the inferior colliculus and is closely correlated with the graded
spatial distribution of GABAA receptors. Duration-selective collicular neurons have a wide
range of recovery cycle covering the P-E intervals occurring throughout the entire target
approaching sequences. Collicular neurons with low best frequency and short BD recover
rapidly when stimulated with P-E pairs with short duration and small P-E amplitude
difference, whereas neurons with high best frequency and long BD recover rapidly when
stimulated with P-E pairs with long duration and large P-E amplitude difference. This
dynamic variation of echo duration selectivity and recovery cycle of collicular neurons may
serve as the neural basis underlying successful hunting by bats. Conceivably, high best
frequency neurons with long BD would be suitable for echo recognition during search and
approach phases of hunting when the returning echoes are high in frequency, large in
P-E amplitude difference, long in duration but low in repetition rate. Conversely, low best
frequency neurons with shorter BD and sharper duration selectivity would be suitable for
echo recognition during the terminal phase of hunting when the highly repetitive echoes
are low in frequency, small in P-E amplitude difference, and short in duration. Furthermore,
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the tonotopically organized duration selectivity would make it possible to facilitate the
recruitment of different groups of collicular neurons along the tonotopic axis for effective
processing of the returning echoes throughout the entire course of hunting.
Keywords: duration selectivity, echolocation, inferior colliculus, pulse-echo pairs, recovery cycle, temporal signal
processing
INTRODUCTION
In nature, communication sounds among animal species includ-
ing humans are typical complex sounds that vary with time in
several parameters including amplitude, frequency, duration as
well as separation, and order of individual sounds (Popper and
Fay, 1995; Shannon et al., 1995). Among these parameters, sound
duration is a simple but important one that contributes to the
distinct spectral and temporal attributes of individual biologi-
cal sounds. Previous studies of selectivity of auditory neurons to
sound duration show that most auditory neurons respond maxi-
mally to a speciﬁc duration or a range of durations (frogs, Narins
and Capranica, 1980; Feng et al., 1990; Gooler and Feng, 1992),
(bats, Jen and Schlegel, 1982; Pinheiro et al., 1991; Casseday
et al., 1994, 2000; Ehrlich et al., 1997; Galazyuk and Feng, 1997;
FuzesseryandHall,1999;Jen andFeng,1999;Jen andZhou,1999;
Zhou and Jen, 2001, 2006; Faure et al., 2003; Fremouw et al.,
2005; Jen and Wu, 2005, 2006, 2008; Wu and Jen, 2006, 2010),
(cats, He et al., 1997), (chinchillas, Chen, 1998), (mice, Brand
et al., 2000)a n d( r a t s ,Perez-Gonzalez et al., 2006). The sound
duration to which these neurons are tuned correspond closely to
the behaviorally relevant sounds in these animal species. As such,
duration-selective auditory neurons play an important role for
soundrecognition particularlyin humanspeech, animal commu-
nication, and bat echolocation (Popper and Fay, 1995; Shannon
et al., 1995; Covey and Casseday, 1999).
On the other hand, natural sounds such as vocal communica-
tion sounds of many animal species typically occur as temporally
patterned trains of sound pulses. When stimulated with these
sound pulses, the response of auditory neurons to an individual
sound pulse is inevitably affected by the preceding and succeed-
ing sounds (i.e., forward and backward masking). For example,
the inferior collicular neurons show larger responses to single
pulses presented in temporal isolation than to the same pulse pre-
sented in temporally patterned trains of sound pulses (Moriyama
et al., 1994) .F u r t h e r m o r e ,t h er e s p o n s es i z eo fc o l l i c u l a rn e u -
rons progressively decreases with sequentially presented sound
pulses (Pinheiro et al., 1991; Moriyama et al., 1994; Brosch and
Schreiner, 1997; Lu et al., 1997, 1998; Litovsky and Yin, 1998;
Jen and Zhou, 1999; Jen et al., 2001; Zhou and Jen, 2002a,b;
Jen and Wu, 2005). These neurophysiological ﬁndings have been
corroborated by behavioral studies, which show a human sub-
ject or an animal only perceives the leading source when two
spatially separated clicks are presented with a brief delay within
5ms (Wallach et al., 1949; Zurek, 1980; Freyman et al., 1991).
When the delay between the two sounds is larger than 8–10ms
range, both the leading and lagging sounds are perceived as indi-
vidual one (Freyman et al., 1991). However, longer delay of sev-
eral milliseconds is required for perception of individual sounds
when tested with trains of paired sounds or when each leading
sound is succeeded by several echoes of various time delays
(Yost and Soderquist, 1984; Yost and Guzman, 1996). All these
studiesindicatethatwhenencounteredwithtemporallypatterned
trains of sequential sound pulses, the separation of individual
sounds is an important temporal attribute that determines an
animal’s ability in perceiving individual sounds.
Theneuralbasisunderlyingananimal’sabilityinperceptionof
individualsoundsistherecoverycycleofauditoryneurons,which
determines a neuron’s ability in responding to closely spaced
sound pulses. Many studies have shown that neurons in the infe-
rior colliculus of various animal species have a wide range of
recovery cycle (cats, Litovsky and Yin, 1998; rabbits, Fitzpatrick
et al., 1995;b a r no w l s ,Keller and Takahashi, 1996;b a t s ,Grinnell,
1963; Suga, 1964, 1970; Friend et al., 1966; Suga and Schlegel,
1973; Pollaket al.,1977; Luetal.,1997;Zhou andJen, 2003;Wang
et al., 2008, 2010). The recovery cycle of auditory neurons is par-
ticularly important for bats, which rely on this neuronal property
to determine the target distance.
During hunting, insectivorous bats emit intense ultrasonic
pulses and analyse multiple parameters of the returning echoes
to extract information about their prey (Griffn, 1958). They pro-
gressively shorten the duration, decrease the amplitude, lower the
frequency, and increase the repetition rate of emitted pulses as
they search, approach, and ﬁnally intercept insects or negotiate
obstacles (Griffn, 1958; Simmons et al., 1979; Jen and Kamada,
1982; Surlykke and Moss, 2000). Because bats typically hunt
together with conspeciﬁcs, a bat has to be able to differentiate
the echoes of its own emitted pulses from the echoes of pulses
emitted by other bats for successful prey capture. Therefore, in
the real world the bat’s ear is bombarded by the pulse-echo
(P-E) pairs not only produced by the bat itself but also by oth-
ers during hunting. Since the gap, duration, amplitude of the
P-E pairs vary throughout the entire course of hunting, analy-
sis of an echo parameter by the bat would be inevitably affected
by other co-varying echo parameters produced by the bat itself
and conspeciﬁcs. For example, previous studies have shown that
increasing pulse repetition rate improves multiple-parametric
selectivity of inferior collicular neurons (Pinheiro et al., 1991;
Wu and Jen, 1996; Galazyuk et al., 2000; Jen et al., 2001; Zhou
and Jen, 2002a) .T h ei n c r e a s ei np u l s er e p e t i t i o nr a t ea l s oe l e -
vates the minimum threshold and lengthens the response latency
of most collicular and cortical neurons (Phillips et al., 1989; Chen
and Jen, 1994; Jen and Chen, 1998). Furthermore, pulse duration
and repetition rate profoundly inﬂuence the best delay of audi-
tory cortical neurons of the bat in which delay tuning typically
narrows and eventually disappears at higher pulse repetition rate
and shorter pulseduration(Tanakaet al., 1992; Wong et al., 1992;
Tanaka and Wong, 1993). For all these reasons, the important
temporal attributes of sound duration and separation of individ-
ual sounds areeven more obvious for bats which rely onduration
selectivity for recognition of echo duration and recovery cycle for
echo ranging.
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In this review article, we present our studies of duration selec-
tivity and recovery cycle of inferior collicular neurons of the
frequency-modulated (FM) bat, Eptesicus fuscus and Pipistrellus
abramus, to highlight the dynamic variation of temporal signal
processing of central auditory neurons. These studies use single
pulses and three biologically relevant P-E pairs of combinations
of three pulse durations (1.5, 4, and 10ms) at varied P-E gaps
thatarecomparabletothatoccurringduringthesearch,approach
and terminal phases of hunting by bats (Griffn, 1958; Simmons
et al., 1979; Jen and Kamada, 1982; Surlykke and Moss, 2000). A
detailed description of materials and methods can be found in
these studies (Jen and Wu, 2006, 2008; Wu and Jen, 2006; Wang
et al., 2008, 2010).
DYNAMIC VARIATION OF ECHO DURATION SELECTIVITY
OF COLLICULAR NEURONS WITH OTHER CO-VARYING
PARAMETERS
The echo duration selectivity of a collicular neuron is stud-
ied by plotting its duration tuning curves using the num-
ber of impulses in response to eight durations (1, 1.5, 2, 4,
6, 8, 10, and 20ms) of the echo pulses of three P-E pairs.
The echo duration tuning curves of collicular neurons can be
described as band-, short-, long-, and all-pass using the same
criterion adopted in previous studies (Figure1, Jen and Feng,
1999; Jen and Zhou, 1999; Wu and Jen, 2006). The collicular
neurons with band-, short-, and long-pass echo duration tun-
ing curves show a maximal number of impulses to the best
duration (BD) and are, therefore, duration-selective neurons
(Figures1A–C). Neurons with all-pass echo duration tuning
curves are non-duration-selective neurons because their number
of impulses never varies more than 50% with sound duration
(Figure1D).
FIGURE 1 | (A) band-pass, (B) short-pass, (C) long-pass, and (D) all-pass
duration tuning curves of collicular neurons of the FM bat, Eptesicus
fuscus. Each horizontal dashed line indicates the 50% maximal response.
The selectivity of each echo duration curve is expressed with a best
duration (BD, indicated with an arrowhead) and a normalized duration width
(nDW indicated with a double-arrowheads). NA: a BD is not available
[Adapted from Wu and Jen (2006)].
Because the maximal number of impulses in response to
the BD varied greatly among individual collicular neurons, a
normalized duration-width (nDW) is used to express the broad-
ness of a duration tuning curve for consistent comparison of
duration selectivity of collicular neurons obtained under differ-
ent stimulation conditions. An nDW is obtained by dividing the
maximum by the width of a duration tuning curve at 75% of
the maximum (Figure1, DW indicated by a double-head arrow).
Thus, neurons with a large nDW have narrower duration tuning
curve than neurons with a small nDW.
Collicular neurons have sharper duration tuning curves when
determined with the echo pulses of P-E pairs than with sin-
gle pulses (Figure2). The duration tuning curves of collicu-
lar neurons becomes progressively broader with lengthening of
pulse duration and P-E gap (progressive decrease in the nDW).
Collicular neurons have the broadest duration tuning curves
when measured with single pulses (the smallest nDW). Also, a
neuron’s duration tuning curves may change from one type into
another when measured with different P-Epairsand single pulses
(Figures2D,G,H). These observations indicate that a bat’s echo
durationselectivity intherealworldissharperthanwhatisshown
by earlier studies using single pulses (Jen and Schlegel, 1982;
Pinheiro et al., 1991; Casseday et al., 1994, 2000; Ehrlich et al.,
1997; Galazyukand Feng, 1997; Fuzessery andHall, 1999; Jen and
Feng, 1999; Zhou and Jen, 2001).
FIGURE 2 | (A–H) The echo duration tuning curves of two collicular neurons
determined with the echo pulses of three pulse-echo (P-E) pairs and with
single pulses. The type of duration tuning curve, the BD and the nDW are
shown within each plot. Note that the nDW progressively decreases with
lengthening of PD and P-E gap of three P-E pairs [Adapted from
Wu and Jen (2006)].
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Echo duration selectivity of collicular neurons also varies with
P-E amplitude difference. When studied with three biologically
relevant P-E pairs at two different P-E amplitude differences, the
echodurationselectivityisgreater(largernDW)whendetermined
with4msor10mspulsedurationat4msor8msP-Egapat20-dB
than at 10-dB amplitude difference (Figures 3Ab,Ac vs. Bb,Bc).
However,theechodurationselectivity isgreaterwhendetermined
with1.5mspulsedurationand2msP-Egapat10-dBthanat20-dB
amplitudedifference(Figures 3Bavs.Aa).Thesedataindicatethat
echo duration selectivity of collicular neurons becomes sharper
when echo duration progressively shortens and P-E amplitude
difference decreases throughout a target approach sequence.
Collicular neurons are tonotopically organized along the
dorso-ventral axis of the inferior colliculus. Their BDs are
between 1.5 and 10ms covering the duration of pulses emitted by
the FM bat during three phases of hunting. The BD and nDW of
collicular neurons, respectively, increases and decreases with BF
and recordingdepth. Assuch, collicularneuronsatupperinferior
colliculus with low BF have short BD and large nDW while those
at deeper inferior colliculus with high BF have long BD and small
nDW (Jen and Wu, 2006; Wu and Jen, 2006).
ECHO DURATION SELECTIVITY IS SHAPED BY
GABA-MEDIATED INHIBITION
One of the major inhibitory inputs in the inferior colliculus
is mediated by GABA (Roberts and Ribak, 1987; Fubara et al.,
1996). By means of application of GABA or bicuculline, which
is an antagonist for GABAA receptors (Cooper et al., 1982;
Bormann, 1988), many studies have shown that interaction of
excitation andGABAergicinhibition contributes toauditorytem-
poral processing and shapes multiple-parametric selectivity (e.g.,
duration, frequency, amplitude, direction, etc.) of collicular neu-
rons using single repetitive sound pulses or temporally patterned
trains of sound pulses (Faingold et al., 1991; Vater et al., 1992;
Yang et al., 1992; Park and Pollak, 1993; Casseday et al., 1994,
2000; Klug et al., 1995; LeBeau et al., 1996; Lu et al., 1997, 1998;
Koch and Grothe, 1998; Jen and Feng, 1999; Jen and Zhang, 2000;
Lu and Jen, 2001; Jen et al., 2002; Zhou and Jen, 2002a,b). To
study the contribution of GABAergic inhibition to echo duration
selectivity of collicular neurons, echo duration tuning curves are
measured before and during bicuculline and GABA application.
In agreement with previous studies (Casseday et al., 1994,
2000; Jen and Feng, 1999), bicuculline application broadens the
echo duration tuning curves of collicular neurons obtained with
three P-E pairs by producing a greater increase in the number of
impulses for shorter and longer non-BD echo pulses than for the
BD echo pulse (Figures4A vs. B). As a result, bicuculline appli-
cation changes a neuron’s band-pass echo duration tuning curve
into all-pass echo duration tuning curve with greatly decreased
nDW (Figures4A vs. B). Conversely, GABA application narrows
the echo duration tuning curves of collicular neurons by produc-
ing agreater decrease in the number ofimpulses fornon-BD echo
pulses than for BD echo pulse (Figures4C vs. D).
Although bicuculline and GABA application, respectively,
broadens and narrows the duration tuning curves of collicular
neurons, drug application does not change the depth-dependent
duration selectivity of these neurons. The nDW of these neurons
FIGURE 3 | (A,B) The echo duration tuning curves of a collicular neuron
determined with three P-E pairs with varied pulse duration and P-E gap at
20-dB (unﬁlled) and 10-dB (ﬁlled) P-E amplitude differences [Adapted from
Jen and Wu (2008)].
signiﬁcantly decreases with recording depth both before and dur-
ing drug application (Figures5Aa,Ba) .T h ec h a n g ei nn D Wi s
signiﬁcantly larger for neurons at upper than at deeper infe-
rior colliculus during bicuculline application but the opposite is
observed during GABA application (Figures5Ab vs. Bb). These
observations are likely due to the fact that neurons with GABAA
receptors are mostly distributed in the dorso-medial region but
are sparsely distributed in the ventro-lateral region of the infe-
rior colliculus (Fubara et al., 1996). As such, high BF neurons
at deeper inferior colliculus would conceivably receive fewer
GABAergic inhibitory inputs than low BF neurons at upper infe-
rior colliculus. For this reason, bicuculline application would
produce greater change and GABA application would produce
lesser change in nDW of duration tuning curves of low BF neu-
rons at upper inferior colliculus than high BF neurons at deeper
inferior colliculus. In sum, these data suggest that echo duration
selectivity of collicular neurons shaped by GABAergic inhibition
is systematically organized along the dorso-ventral axis of the
inferior colliculus.
Previous studies show that glycine-mediated inhibition also
shapes the duration selectivity of collicular neurons and neurons
with glycine receptors are mostly distributed at the ventro-lateral
region of the inferior colliculus but are sparsely distributed at
dorso-medial region (Fubara et al., 1996; Ehrlich et al., 1997).
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FIGURE 4 | (A,B) Echo duration tuning curves of two collicular neurons determined with three P-E pairs of varied pulse duration and P-E gap before
(predrug, A,C) and during bicuculline (B) or GABA (D) application [Adapted from Wu and Jen (2006)].
Therefore, it is conceivable that glycine-mediated duration selec-
tivity of collicular neurons may also be systematically organized
alongthedorso-ventralaxisoftheinferiorcolliculus.Futurework
is needed to determine whether GABA- and glycine-mediated
duration selectivity of collicular neurons is organized systemat-
ically but oppositely along the distribution gradients of GABAA
and glycine receptors.
DYNAMIC VARIATION OF THE RECOVERY CYCLE OF
DURATION-SELECTIVE COLLICULAR NEURONS WITH
P-E AMPLITUDE DIFFERENCE
A neuron’s recovery cycle is measured by calculating the percent
ratio of the neuron’s number of impulses in response to the echo
relative to the pulse at different P-E intervals and amplitude dif-
ference. The bat’s collicular neurons havea wide rangeofrecovery
cycle covering the P-E intervals occurring throughout the entire
sequence of hunting (Suga, 1964; Friend et al., 1966; Suga and
Schlegel, 1973; Pollak et al., 1977; Lu et al., 1997; Wang et al.,
2008, 2010). In general, a neuron’s recovery cycle increases with
P-E duration and P-E amplitude difference.
To study the dynamic temporal processing of sound dura-
tion and separation of individual sounds, the dynamic variation
of the recovery cycle of 30 duration-selective collicular neurons
has been studied using biologically relevant P-E pairs. While the
recovery cycle of 10 neurons varies unpredictably with three P-E
pairs, the recovery cycle of 20 neurons varies predictably with
P-E pairs in relation to the BD and P-E amplitude difference
(Figures6A,B). Speciﬁcally, neurons with 1–2ms BD recover
rapidly when stimulated with P-E pairsat 10dB amplitude differ-
ence and the duration of both P and E matches the BD (i.e., P-E
pairs in the terminal phase, Figure6A-2, ﬁlled arrow, solid cir-
cles). Conversely, neurons with 8–20ms BD recover rapidly when
stimulated with P-E pairs at 20dB amplitude difference and the
duration of both P and E matches the BD (i.e., P-E pairs at the
searchphase,Figure6B-3,ﬁlled arrow,unﬁlled circles). However,
neurons with 4–6ms BD recover rapidly when stimulated with
4ms of P and E at both 10 and 20dB amplitude differences (i.e.,
P-Epairsattheapproachphase).Theseobservationsindicatethat
duration selectivity and recovery cycle of most collicular neurons
of the bat co-vary when the echo duration and P-E amplitude
difference progressively decrease throughout the entire course of
hunting.
POSSIBLE NEURAL MECHANISM UNDERLYING DYNAMIC
TEMPORAL SIGNAL PROCESSING
A previous study examines the interaction of excitation and inhi-
bition in collicular neurons using a probe (excitatory pulse) and
am a s k e r( i n h i b i t o r yp u l s e )( Lu and Jen, 2002). This study shows
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FIGURE 5 | (Aa,Ba) The distribution of nDW of collicular neurons obtained
before (ﬁlled circles and triangles) and during (unﬁlled circles and triangles)
bicuculline (Aa) and GABA (Ba) application in relation to the recording depth.
(Ab,Bb) The distribution of percent change in nDW in relation to the recording
depth. The linear regression line and correlation coefﬁcient for each plot are
shown by a solid line and r [From Jen and Wu (2006)].
FIGURE 6 | (A) The recovery cycle of two duration-selective collicular
neurons measured with P-E pairs that vary in P-E gap, duration, and
amplitude differences (PA-EA = 0, 10, and 20dB). The BDs of these two
neurons are 1.5ms (A) and 10ms (B). Note that neuron A has the shortest
50% recovery time (dashed line) when stimulated with 1.5ms of P and E at
10-dB P-E amplitude difference (A-2, arrow) while neuron B recovers rapidly
when stimulated with 10ms of P and E at 20-dB P-E amplitude difference
(B-3, arrow) [Adapted from Wang et al. (2008)].
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that masking of probe-elicited responses of collicular neurons
occurs when a masker is presented within a certain inter-pulse
intervals (the temporal window) in relation to the probe. Within
the temporal window, the strength of this forward masking
increases with shortening of inter-pulse interval. Other stud-
ies have also shown that temporal interaction of excitation and
GABAergic inhibition shapes the duration selectivity and recov-
erycycleofcollicularneurons(Cassedayet al.,1994; Ehrlich etal.,
1997; Lu et al., 1997; Wu and Jen, 1998, 2006; Lu and Jen, 2002;
Faure et al., 2003; Zhou and Jen, 2003; Jen and Wu, 2005, 2006,
2008).
It is conceivable that when stimulated with P-E pairs, a neu-
ron’s recovery cycle is shaped by the GABA-mediated forward
masking, in which the P serves as the masker and the E serves
a st h ep r o b e .A ss u c h ,t h ep r o b e - e l i c i t e dr e s p o n s ei sd e p e n d e n t
on the duration of P and E, the gap and amplitude difference
between P and E. The forward masking and the recovery cycle
may be the two predominant factors to shape a neuron’s echo
duration selectivity. Conceivably, when stimulated with the BD
and P-E amplitude difference, integration of excitation and inhi-
bition must result in an optimal time window within which
neurons respond maximally and recover rapidly. This forward
masking may also account for the sharper echo duration selec-
tivity of collicular neurons obtained with echo pulses of P-E pairs
than with single echo pulses.
BIOLOGICAL RELEVANCE OF DYNAMIC TEMPORAL
SIGNAL PROCESSING
Insectivorous bats emit ultrasonic signals and analyse the return-
ing echoes to extract information about the target range, shape,
and location (Griffn, 1958). The highly successful hunting sug-
gests that the bat’s auditory system must be able to encode the
changes in echo parameters produced by the bat and its con-
speciﬁcs during atarget approachingsequence. Whereasduration
selectivity of auditory neurons underlies a bat’s ability in recogni-
tion of sound duration, the recovery cycle of auditory neurons
determines a neuron’s ability in responding to closely spaced
sound pulses. Therefore, the recovery cycle of neurons under-
lies the bat’s ability in encoding the pulse repetition rate so as to
analyse the order of individual sound pulses.
To perform effective recognition of echo duration and echo
ranging, a bat must be able to encode progressive variation of
duration and repetition rate of emitted pulses and returning
echoes throughouttheentire courseofhunting. Ourstudiesshow
that the bat’s collicular neurons have a wide range of BD and
recovery cycle covering pulse durations and P-E intervals occur-
ring during different phases of hunting. In addition, a neuron’s
duration selectivity is closely correlated with its recovery cycle
such that the recovery cycle of most duration-selective neurons
varies predictably with biologically relevant P-E duration, inter-
val and amplitude difference. Conceivably, high best frequency
neuronswithlongBDwouldbesuitableforecho recognitiondur-
ing search and approach phases of hunting when the returning
echoes are high in frequency, large in P-E amplitude difference,
long in duration but low in repetition rate. Conversely, low best
frequency neurons with shorter BD and sharper duration selec-
tivity would be suitable for echo recognition during the terminal
phase of hunting when the highly repetitive echoes are low in fre-
quency, small in P-E amplitude difference and short in duration.
This dynamic variation of echo duration selectivity and recovery
cycle of collicular neurons may serve as the neural basis underly-
ing successful prey capture by bats. Since these duration-selective
collicular neurons are tonotopically organized, this organization
wouldconceivablyfacilitate therecruitment ofdifferentgroupsof
collicular neurons for effective processing of the returning echoes
throughout a target approaching sequence.
In our studies we use insectivorous bats as the mammalian
model to examine the dynamic temporal processing in the infe-
riorcolliculus.Because thelayoutoftheauditorypathwayofabat
is fundamentally similar to that of other mammals, the dynamic
variation of duration selectivity and recovery cycle of collicu-
lar neurons observed in these studies conceivably also occurs in
other mammalian species. Future work is necessary to test this
contention.
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